Abstract This briefing lays out the initial objectives and intent of the Data Exchange Working Group of the Metabolomics Standards Initiative (MSI), which operates under the aegis of the Metabolomics Society. The MSI has now reached a significant milestone in publishing a complete set of draft reporting requirements, simultaneously providing to the Data Exchange Working Group a set of drivers that function, for our purposes, as a series of specifications of the data and metadata that the products endorsed or developed by the Data Exchange Working Group should be able to effectively contain. We here describe our view of the existing resources that can be put to use, the 'functionality gaps' that need to be filled and the way in which we envisage these existing and planned resources fitting together to provide a framework that firstly, answers the needs of the metabolomics community and secondly, addresses the issues raised by the prospect of integrating metabolomics workflow descriptions and data with that from other domains, such as proteomics, genomics and transcriptomics.
Introduction
The current surge in the development and application of metabolomics techniques has greatly increased the rate of production of metabolomics data. Taken as a whole, those data and the metadata needed to describe and contextualize them have also become significantly more diverse. There is a growing recognition in equivalent fields such as transcriptomics and proteomics (Brazma et al. 2001; Taylor et al. 2003) and across the scientific community in general (National Research Council (US) 2003) that the dissemination and archiving of experimental data can accelerate the rate of scientific advance; this climate has fostered a number of initiatives to develop standards for metabolomics data Jenkins et al. 2004; Lindon 2005) in addition to a plethora of technology specific and general data formats. In 2005 the Metabolomics Society established the Metabolomics Standards Initiative 1 comprising a series of specialist working groups with an oversight committee monitoring, coordinating and reviewing their efforts. Working groups on Biological Context, Chemical Analysis and Data Processing were tasked to produce reporting standards making explicit the information to provide in an experimental report; their drafts are reported elsewhere in this volume (Fiehn et al. 2007b; Goodacre et al. 2007; Griffin et al. 2007; Morrison et al. 2007; Sumner et al. 2007; van der Werf et al. 2007 ). The Ontology working group ) (also reporting in this volume) seeks to support the activities of the other MSI working groups by developing standardised lists of descriptive terms, providing a common semantic framework to enable metabolomics user communities to annotate experiments in a concise, consistent and unam-biguous manner. The Data Exchange Working Group's original stated aim was to ''define data exchange formats and produce a schema for such operations that cover all aspects of the metadata, the analytical data (both spectroscopic and chromatographic) and the data analysis''. The overall work plan for the group has been to review and evaluate existing initiatives which might be potential partial solutions prior to commencing design work based of the developing reporting standards This paper provides a progress report. The group welcomes input to its continuing work via the authors or the e-mail list Msi-workgroups-feedback@lists.sourceforge.net which receives comments on any aspect of the work of the MSI.
Context
Data may be generated and stored using a variety of technologies, some open and some proprietary. A data exchange standard provides a means by which data can be transmitted between producers and storage, with guarantees of common semantics and demonstrable validity. In particular it should support relevant reporting requirements (without limiting data sets to those requirements) and be able to demonstrate the degree of compliance to them shown by a particular data set.
As scientific investigations progress, data are frequently accumulated using computer systems. Various data formats and structures are required for this. Data will also subsequently be deposited in a range of repositories, including those of the originating laboratories, collaborators, funding organizations, scientific publishers and regulatory authorities. Again, formats and data structures will be required for this, though perhaps with different design objectives, including efficient data retrieval. In defining modular schemata and exchange formats the MSI intends to promote appropriate and semantically consistent transmission of data, but crucially, without constraining how it is managed at either end. Many alternate existing and novel LIMS and archival systems should be able to support the data, though the design of novel systems may be informed to a greater or lesser extent by the transmission standard and this may therefore be an additional benefit.
Proposed deliverables of the work group
The work group initially proposed four specific deliverables and this remains our intent. The first deliverable is a detailed specification of the data for exchange. This may be called a schema or a data model. A data model describes data precisely but independently of any particular implementation. Current software engineering practice involves (automated) transformation of models into code; this is known as Model-Driven Architecture (MDA) (Miller and Mukerji 2003) . A data model may be implemented in more than one way: by transformation into database tables and the associated code as a relational database implementation for storage; as a specification of an XML (Extensible Markup Language) document type for transmission; and as a library for a programming language (perhaps Java, C or C++). This first deliverable (the model) will therefore provide the basis for the format (see below) and will also be made available to software developers, who will work with it. The proposal is that the model should be represented in UML (the Unified Modeling Language). This is now the most widely used modeling language; it is open and supported by many tools; and it is more than adequate for modeling the emerging requirements we have to hand. Moreover, pre-existing components developed for other purposes will most likely be modeled in UML, permitting immediate reuse by the MSI.
The second deliverable is an implementation of the model as an exchange format intended for general application. XML 2 is currently the accepted basis for such formats. It is an open standard. Support for reading and generating XML as data streams or files is now almost universal in commonly used programming languages, data analysis packages and office automation software. While extensions appear regularly, the core language definition has been extremely stable (contributing to its rapid adoption) and can be expected to have a long life. Modularity is discussed below and XML (in contrast to its predecessor SGML, the Standard Generalized Markup Language) supports this well. A commonly cited argument against its adoption is the size of data files. XML does carry a size overhead due to the tags (the <> bracketed element delimiters familiar to users of HTML). Two responses to this are (i) that metabolomics data transmission is neither time critical nor bandwidth limited and (ii) that the World Wide Web Consortium is expected to respond with a binary representation 3 which will reduce the size of documents. A second argument against its adoption is the difficulty of generating files. This is discussed below.
The standard will require documentation, not withstanding the fact that both UML and XML are self documenting, particularly in the syntactic sense. The way in which they reflect the reporting requirements and how users should use them will be the third deliverable. This will go hand in hand with the fourth which is demonstration data sets available on the web and a simple data entry system for creation of data sets that utilizes the formats developed.
Existing standards and initiatives
Implicit in the constitution of the work group is the intention that re-use (or at least extension and adaptation) of existing standards from related fields is extremely desirable. Since establishment of the MSI the opportunities for such collaboration have increased. Early work in standardization in transcriptomics (Spellman et al. 2002) and proteomics (Taylor et al. 2003) as well as metabolomics (Jenkins et al. 2004; Lindon et al. 2005 ) and other fields, more or less explicitly recognized that future unification or integration of standards would remove the necessity to recast data from cross-disciplinary studies for reporting to different recipients and was therefore highly desirable in the longer term. At the same time, the need to clearly codify the needs of each discipline was recognized and separate development was the pragmatic approach. That work has begun to identify the commonalities and it is now appropriate that new developments should seek maximum commonality.
Existing standards, which may be purposed either for data transport or as preferred referents, range from the general to the specific. Broad-scope models such as ArMet, FuGE and MAGE, which are focused on data transport, contrast with standards for identifying chemical moieties such as InChI or ChEBI. Previous work on content, such as SMRS and MIAMET, may offer some contribution to gross structure. Table 1 is a working list of entities to consider. The group would welcome additional suggestions.
Cross-disciplinary standards will not be without costs. Specialization and extension of general standards for use in metabolomics or even for some part of metabolomics still involves substantial development costs and establishing and maintaining general agreement across a wider community can be costly. For the scientist generating crossdisciplinary data sets, while adherence to a narrower set of standards may imply less cost, the resulting complexity of the broader standards may mean that there is little or no saving.
FuGE (Jones et al. 2006 ) is described as ''a framework for creating data standards for high-throughput biological experiments''. It is being used as a basis for data formats in transcriptomics ) and the HUPO Proteomics Standards (Taylor et al. 2006) . Its stated aims as a framework encompass metabolomics and initial investigation provides a prima facia case for its use in metabolomics. The workgroup is therefore committed to pursuing its application as the basis for the MSI standards.
One potentially important feature of FuGE is its ability to describe and robustly reference external data artefacts, such as files encoded in vendor-specific data formats. Of particular interest in this context is the Systems Biology Markup language (Hucka et al. 2003; Kell 2006) . The ability to reference a particular SBML instance document, encoding a particular 'model' of metabolism, offers the opportunity to meaningfully link captured experimental data to an SBML-encoded metabolic model, which may have functioned as a 'hypothesis' to be tested. For example, were a particular SBML-encoded model, having been used in an in silico experiment, to make certain predictions that were then tested by 'wet' experimentation, that SBMLencoded model and both data sets (captured in FuGE) could be robustly linked (and therefore transmitted) together.
Emerging general principles
At this stage a number of general features of a data model are emerging which are now briefly reviewed.
The data model and format must be modular: arguments for this include the following. In general terms, modularity is typically regarded as good engineering. Pre-existing reporting standards and formats all show effective modularity, reflecting the inherent modularity in the underlying concepts. This analysis, reflected also in the structure of the MSI (Fiehn et al. 2007a ) and draft reporting standards in- cluded elsewhere in this volume, shows that multiple alternative reporting structures will be required. The most obvious alternative reporting structures concerns biological context metadata, where different application fields have differing requirements. The most obvious candidates for multiple reporting structures are (1) chemical analysis, where aliquots of a sample may be subjected to a number of techniques, and (2) data processing, where a data set may be analysed in multiple ways. There are a number of important benefits for the development and use of the standard accruing to modular design; it will permit parallel development of new resources and straightforward re-use of existing (supported) standards, which makes for more rapid implementation; it will allow for parts of the standard to appear over time without significant impact on the process as a whole; and integration with other initiatives will be more straightforwardly supported. Some module variants might, for example be entirely satisfied by existing standards. These could be represented in the same underlying format -assumed to be XML -or some other character based or binary format. Any module which may optionally be implemented using, for example, an existing non-XML format can be incorporated 'in-line' or by reference to external files from within XML using existing XML formalisms. Finally, data capture can be performed in a modular fashion. Previously assembled descriptions of standard procedures or standard biological lines may be re-used. Data may be added to a set as an experimental timeline proceeds. In summary, the format is expected to consist of a suite of well decoupled modules. But in addition to modularity, the model must effectively represent the concatenated experimental workflow. This concept is explicit in the ArMet model (Jenkins et al. 2004) and is reflected in the SMRS recommendations . Moreover a clear distinction between materials and processes will be important. This is reflected in a number of related ontologies; is strongly represented in FuGE and is evident in ArMet. One lesson learned from ArMet as published (and which has been mitigated in subsequent unpublished implementations) was a failure to make this distinction in all cases. Processes applied to materials have two aspects. There is a description of the process, which might represent a Standard Operating Procedure for example, and there is the description of its application, which should at least include information about the time and date, the operator and perhaps any deviations from the standard in this instance. Anecdotally, failure to distinguish procedure from application and intended from actual parameter values can often be a cause of confusion in the interpretation of metabolomics data. Later versions of ArMet increasingly reflect the distinction and support for it is a fundamental feature of the FuGE framework.
It is clear that validation of the completeness of a dataset must be flexible. It will be necessary for recipients of a dataset to be able to assess its acceptability according to local criteria with the assistance of model driven checking. The SMRS recommendations (Lindon 2005; Lindon et al. 2005) consider this in some detail. Submission to public databases; as journal supplementary data and to regulatory authorities are distinguished, along with the need in some circumstances to withhold some detail for reasons of confidentiality. It may be that in some circumstances editors and reviewers would consider that certain missing data would not render a dataset inadequate to support claims made. In this context dataset validation may be considered as a report on deficiencies (if any) rather than a blunt pass/ fail test. In all cases, the model and derived formats must be extensible, and the inclusion of well characterized and identified additional data should not render a data set invalid.
Collection and assembly of complex data in XML form has proved difficult in other initiatives. Under ArMet, the benefits of form and table based support tools have been identified (Jenkins et al. 2005) . In transcriptomics, the problems with the complexity of MAGE-ML has led to the development of MAGE-TAB (Rayner et al. 2006 ), a spreadsheet-based, MIAME-supportive format. The work group must consider data entry issues and their acceptability aspects.
Conclusions
The workgroup is committed to four deliverables: (i) a data model, in UML to accommodate the reporting requirements; (ii) an exchange format in XML which implements the model; (iii) user documentation on the use of the standard and (iv) example data sets using the standard.
The workgroup has developed a broad appreciation of existing standards and developed contacts with other communities. It is committed to maximal integration with standards in related fields and in particular expects to realize this through exploitation of the FuGE framework. With the first drafts of reporting standards now available development of a standard can begin. First, an overall modular structure must be established. This will, in part, involve a synthesis of several reporting standards. Secondly, detailed representational issues for data must be decided. The reporting standards are precise in terms of individual data items and their data types in some aspects, while in others, representations and possible values are not mandated. This work will involve close collaboration with the Ontology workgroup. Finally, we can render the fruits of our labors as test interfaces as a prelude to the ultimate release of the standard resources required by the community for the exchange and archiving of their valuable data and its integration with that from other domains.
